However, it remains to be clarified how the GSC-driven VM makes a significant contribution to tumor vasculature. Here, we investigated 11 cases of glioblastomas and found that most of them consisted of blood-perfused vascular channels that coexpress mural cell markers smooth muscle ␣-actin and platelet-derived growth factor receptor ␤, epidermal growth factor receptor, and vascular endothelial growth factor receptor 2 (Flk-1), but not CD31 or VE-cadherin. This microvasculature coexisted with endothelial cell-associated vessels. GSCs derived from patients with glioblastomas developed vigorous mural cell-associated vascular channels but few endothelial cell vessels in orthotopic animal models. Suppression of Flk-1 activity and gene expression abrogated GSC transdifferentiation and vascularization in vitro, and inhibited VM in animal models. This study establishes mural-like tumor cells differentiated from GSCs as a significant contributor to microvasculature of glioblastoma and points to Flk-1 as a potential target for therapeutic intervention that could complement current anti-angiogenic treatment.
Introduction
Tumor vasculature is typically assumed to arise from endothelial cell origin (Folkman, 1971) . However, recent discoveries suggest an alternative mechanism whereby microvascular circulation is derived from tumor cells through a process known as vasculogenic mimicry (VM) (Maniotis et al., 1999) . Evidence suggests that this matrix-embedded, blood-perfused microvasculature plays a vital role in tumor development, independent of endothelial cell angiogenesis. For example, highly aggressive melanoma cells generate numerous matrix-rich patterned channels containing blood cells, and the formation of these channels positively correlates with a worse prognosis for patients (Hendrix et al., 2003; Folberg et al., 2006) . A mosaic model consisting both of tumor cell and endothelial cell-integrated networks was also described in the development of colon cancer (Chang et al., 2000) . The presence of tumor-derived vasculatures highlights the plasticity of tumor cells and suggests involvement of cancer stem cells.
Glioblastomas, the most lethal primary brain tumor, display an extensive vasculature phenotype which is highly correlated with aggressiveness (Wen and Kesari, 2008) . Glioblastoma stem cells (GSCs) that possess self-renewing and differentiation properties have been found to be associated with malignancy of this disease (Singh et al., 2004; Beier et al., 2007) . Furthermore, GSCs are capable of transdifferentiation into vascular endothelial cells that participate in angiogenesis (Ricci-Vitiani et al., 2010; Wang et al., 2010) and vessel-like tumor cells that also involve VM (El Hallani et al., 2010) . However, it has not been thoroughly characterized whether this GSC-derived VM represents a significant component of microvasculature, and how GSCs transdifferentiate into vessel-like cells that mediate vasculogenesis of glioblastomas. Thus, it is emerging that elucidation of these vascularized events will offer new mechanistic insights into the malignancy of glioblastomas that are commonly characterized by tumor angiogenesis. In addition, it is noteworthy that recent clinical trials have demonstrated a minimal overall benefit of anti-angiogenic monotherapy (e.g., an anti-VEGF antibody bevacizumab) to patient survival (Bergers and Hanahan, 2008; Verhoeff et al., 2009) . Therefore, investigation of GSC-derived VM will complement current therapeutic strategies that mainly focus on inhibition of endothelial cell angiogenesis. Here, we discovered that GSCs primarily transdifferentiate into vascular mural-like cells, to develop VM, a process dependent on VEGF receptor 2 (Flk-1).
Materials and Methods
Neurospheres. Tumor samples were obtained from consenting patients with glioblastoma as approved by Baystate Medical Center Institutional Review Board. Glioblastoma tissue was enzymatically digested, and stem cell spheres were generated as previously described (Galli et al., 2004) . These GSCs were propagated over 50 passages without senescence in stem cell medium DMEM/F12 supplemented with B27 (Invitrogen) and 20 ng/ml bFGF and EGF. GSCs between passages 5 and 10 were used in this study.
Differentiation of GSCs. For multipotent lineage differentiation, GSCs were plated on 0.25 mg/ml poly-L-ornithine-coated dishes in growth factor-free stem cell medium with B27 and 1% FBS for 1 week. For serum-induced differentiation, GSCs were grown in 10% FBS DMEM for 1 week. For endothelial cell differentiation, GSCs or CD133 high GSCs were grown in EBM-2 basal medium kit (Lonza) supplemented with 5 ng/ml VEGF.
Immunoprecipitation and immunoblotting. The samples were processed as described previously (Shao et al., 2009) . Cell lysates were immunoprecipated with an anti-pY20 monoclonal antibody (ICN Biomedicals) followed by immunoblotting against Flk-1 (Santa Cruz). For immunoblotting, primary antibodies included CD31, Tie1, Tie2, green fluorescent protein (GFP), Flk-1 (Santa Cruz), smooth muscle ␣-actin (SMa) (Abcam), Laminin5-␥2 (Millipore Bioscience Research Reagents), VE-cadherin (VE-cad) (Invitrogen), epidermal growth factor receptor (EGFR) (Cell Signaling), and actin (Sigma-Aldrich) antibodies.
Immunocytochemistry. The method was described previously . Antibodies included Nestin (Millipore), CD133 (Abcam), glial fibrillary acidic protein (GFAP) (Dako), ␤-Tubulin-III, Gal C (Millipore Bioscience Research Reagents), NG2 (Millipore), and SMa (Dako). Dual staining was performed by sequential staining of one protein followed by another.
Flk-1 gene knockdown. A PGPU6-GFP-neo shRNA expression vector containingDNAoligos(21bp)(GenePharma)specificallytargeting5Ј-GCATCAG-CATAAGAAACTTGT-3Ј(shRNA1), 5Ј-GCTTTACTATTCCCAGCTACA-3Ј (shRNA2), 5Ј-GGAATTGACAAGACAGCAACT-3Ј (shRNA3), 5Ј-GCTTG-GCCCGGGATATTTATA-3Ј (shRNA4) of Flk-1, or 5Ј-TTCTCCGAACGT-GTCACGT-3Ј as a non-sense control were transfected into GSCs using Fugene 6. Cells were selected in 800 g/ml G418 starting 48 h after transfection, and GFP expression was monitored to evaluate transfection efficiency.
Magnetic cell sorting and flow-cytometric analysis. Magnetic cell separation and sorting based on CD133 expression were performed according to the instruction of a CD133-labeling MicroBeads kit (Miltenyi Biotec), and expression of CD133 was analyzed by flow cytometry analysis using FACScan.
Tube formation and immunofluorescence. Tubule formation was performed as described previously (Shao et al., 2009) . For immunofluorescence staining, tubules were fixed with 2% paraformaldehyde and permeabilized with 0.5% Triton X-100 followed by incubation with anti-GFAP, ␤-Tubulin III, Gal C, Flk-1, and SMa antibodies, and secondary Alexa Fluor 488 and 555 antibodies as described above (see Immunocytochemistry).
Animal models. All animal experiments were performed with the approval of Institutional Animal Care and Use Committee of the University of Massachusetts and Baystate Medical Center. GSCs expressing Flk-1 shRNA or scramble RNA (50 ϫ 10 3 cells/5 l of PBS) were injected into right striatum of SCID/Beige mice. Mice were killed when mice displayed decreased locomotion.
Immunohistochemistry and immunofluorescence. The procedure for tissue immunohistochemistry (IHC) was described previously (Shao et al., 2009) . Antibodies included mouse anti-hCD31 (1:100), hCD34 (1:200), and SMa (1: 500) (Dako) antibodies, rat anti-mCD31 (1:100; BD Biosciences), or rabbit anti-Flk-1 and platelet-derived growth factor receptor ␤ (PDGFR␤) (1:200; Santa Cruz) antibodies. Dual immunohistochemistry labeling was performed using a sequential process of one antibody staining followed by another staining. For a single and dual immunofluorescent staining, tumor specimens were incubated with a mouse antihCD31, SMa, or a rat anti-mCD31 antibody for 2 h followed by incubation with a goat anti-mouse Alexa Fluor 488 secondary antibody (1:250) for 1 h. Then the samples were similarly incubated with a rabbit anti-PDGFR␤ or Flk-1 antibody, or a mouse hCD31 followed by incubation with a goat anti-rabbit Alexa Fluor 555 antibody. Finally, 4Ј,6-diamidino-2-phenylindole (DAPI) (Invitrogen) was added to stain nucleus. NIH ImageJ software was used to quantify vessel density in the single staining of CD31, SMa, or PDGFR␤ in IHC, and double immunofluorescent staining of CD31 with SMa or PDGFR␤.
Fluorescent in situ hybridization. Fluorescent in situ hybridization for EGFR gene amplification in glioblastomas was performed according to the instruction of EGFR probe mix (Dako). Tissue samples were incubated with a Texas Red-labeled DNA probe that binds to the EGFR gene on chromosome 7q11.2 overnight in a humid chamber at 45°C. Following posthybridization washes, slides were counterstained with DAPI.
Statistics. Data are expressed as mean Ϯ SE, and n refers to the numbers of individual experiments performed. Differences among groups were determined using one-way ANOVA analysis followed by the Newman-Keuls test. The 0.05 level of probability was used as the criterion of significance.
Results
Glioblastomas harbor extensive tumor cell-lined, blood-perfused channels To validate that VM occurs in glioblastoma, we distinguished potential tumor cell-associated vascular channels from endothelial cell-derived vessels using IHC of tumor samples from 11 cases of patients with glioblastomas. Staining with antibodies against CD31/PECAM-1 and VE-cad, mature endothelial cell markers in tumor tissue (Table 1) showed that CD31 and VE-cad-positive and -negative vessels containing blood cells were intermingled within the tissue (Fig. 1a-c) . IHC with an anti-CD34 antibody, a marker for both endothelial progenitor cells and mature cells, also revealed that a large portion of vessels were negative for CD34 (Fig. 1d) , suggesting a nonendothelial origin. Thus, the vessel staining indicates that a significant population of vascular cells but not endothelial cells constitutes blood vessels, which is negative for CD31, VE-cad, and CD34.
To discern whether mural cells participate in the formation of glioblastoma microvasculature, we costained for a mural cell marker SMa and CD31. In the 11 cancer patients, we found that most of these cases (7 cases) contained a large portion of strong SMa-and GFAP-positive vessels and a few vessels expressing CD31 (Fig. 1e-h ). Two cases displayed moderate SMa-positive vessels and a high density of CD31-positive vessels (data not shown). The last two cases showed a minimal level of vessels, indicative of nonvascularized tumors. To validate that the component of these vessels was predominantly ascribed to mural-like cells, we used an immunofluorescent approach that is more sensitive than IHC in deciphering vasculature formed by endothelial cells, mural cells, or both cells. A dual immunofluorescent analysis of SMa and CD31 showed a significant vascular population positive for SMa but negative for CD31, coexisting with CD31- positive vessels ( Fig. 2 A, B) . The quantification analysis of SMa and CD31 showed a majority (59.7%) of vessels positive for SMa, 34.1% of vessels positive for CD31, and the rest (10.3%) for both positive vessels (Fig. 2C ). These results were also confirmed by the similar double staining with CD31 and PDGFR␤, a vascular pericyte marker ( Fig. 2 D, E). These vessels were also positive for VEGF receptor 2 (Flk-1) ( Fig. 2 F) , in which costaining of Flk-1 and SMa was observed (Fig. 2G ). These results suggest that mural-like cells participate in VM, whereas endothelial cells are associated with tumor angiogenesis.
To determine whether these mural-like cells in these samples were derived from the tumor itself, we stained tissue sections with a fluorescent in situ hybridization probe specific for EGFR gene amplification as it is overexpressed by some populations of glioblastomas (Mischel et al., 2003; Heimberger et al., 2005; Jung et al., 2007; Feng et al., 2012) . As shown in Figure 2 H, EGFR amplification, as depicted by multiple red hybridization signals, was detectable in some nuclei of the tumor cells. In addition, increased amplification of EGFR was found in the cells that constitute vessel wall (Fig. 2 I) . All the data suggest that these bloodperfused vascular channels consisted of mural-like tumor cells characteristic both of neural tumor cells and vessel wall cells.
GSCs transdifferentiate into mural-like cells that coexpress markers of neural and vascular lineages
To gain insight into a potential role for tumor stem cells in the development of VM, we isolated primary tumor cells from two patients with glioblastomas and cultured them in growth factorsupplemented stem cell medium. These cells exhibited properties of stem cells capable of self-renewing, growing as neurospheres, and expressing neural stem cell (NSC) markers Nestin and CD133 (Fig. 3A , Table 1 ), in which the CD133 ϩ population (37%) or nestin ϩ population (28%) was enriched for these spheres, consistent with previous evidence of CD133 ϩ population (Galli et al., 2004; Singh et al., 2004) . To demonstrate the multipotency of the neurospheres, these stem-like cells were grown on ornithine-precoated plates in growth factor-free medium to differentiate into neural lineages. Immunocytochemical analyses showed that the primary population was composed of astrocytes (80%) followed by neurons (15%), and the remainder of cells were oligodendrocytes (less 5%) (Fig. 3A) . This multipotency was consistent with previous findings (Galli et al., 2004; Beier et al., 2007; Zheng et al., 2010) , suggesting that GSCs recapitulate NSCs capable of differentiation into neural lineages. However, neither of the GSCs nor their neural differentiated lineages expressed SMa (see below), the marker that was highly expressed in vascular channels in glioblastoma.
To determine whether GSCs also possess the ability to transdifferentiate into cells distinct from their neural lineages, we transferred GSCs into regular culture dishes supplemented with 10% FBS, a differentiation condition described previously (Oishi et al., 2004; Lee et al., 2006; El Hallani et al., 2010) . It was interesting to find that these serum-induced differentiated cells [defined as glioblastoma serum-differentiated cells (GSDCs)] did not favor the formation of any particular neural lineage derivatives, since all of the markers (GFAP, ␤-tubulin III, and Gal C) were equally expressed (42-50%) in these cells (Fig. 3B) . Furthermore, these cells expressed mural cell markers SMa and NG2 (Fig.  3Ca,b) , and evenly coexpressed GFAP, ␤-tubulin III, Gal C, and SMa (20 -45%) (Fig. 3Cc-i) . These unique capabilities of neural lineage differentiation and transdifferentiation were identically found in a separate GSDC line derived from a different patient with glioblastoma (data not shown). The data suggest the multipotency of GSCs able to differentiate into tumor cells that share genetic features of both neural and vascular lineages.
GSDCs express mural cell markers and display a vascular phenotype
To further evaluate that these mural-like cells are distinct from individual neural lineages and endothelial lineages, we performed immunoblotting to assess the expression of mural and endothelial cell markers. GSDCs expressed strong SMa, EGFR, and laminin 5␥-2, the extracellular matrix protein enriched in vascular channels (Fig. 4 A) (Seftor et al., 2001 ). However, the other cell types, including human microvascular endothelial cells (HMVECs), GSCs, and their neural differentiated cells, expressed a lower level of SMa. Notably, GSDCs, like HMVECs, expressed Flk-1 at higher levels than the GSCs and their neural differentiated cells. In contrast to HMVECs, GSDCs did not express the endothelial cell-specific markers CD31, VE-cad, Tie1, or Tie2 Extensive tumor cell-associated, blood-perfused channels coexist with endothelial cell-associated vasculature in glioblastoma. Tumor specimens were subjected to CD31 staining (a), costaining of CD31 with periodic acid-Schiff (PAS) (b), VE-cad with PAS (c), CD34 with PAS (d), SMa (e), SMa with PAS (f ), SMa with CD31 (g), and CD31 with GFAP (h). The arrows represent tumor cell-associated vascular channels in which blood cells are located, whereas the arrowheads indicate endothelial cell-associated vessels. Note CD31-negative (a) vascular channels delineated with a series of arrows contained blood cells (stars). Scale bars, 100 m. (Fig. 4 A) , unambiguously demonstrating that GSDCs are not endothelial cells.
Should GSDCs truly represent cells capable of developing vascular channels in vivo, they might possess the vasculogenic activity of endothelial cells. To test this hypothesis, we performed a tube formation assay that recapitulates the ability of endothelial cells to develop vasculature in vitro. GSDCs formed a capillary phenotype and coexpressed SMa, GFAP, ␤-tubulin III, Gal C, and Flk-1 (Fig. 4B) . In contrast, GSCs as well as their neural differentiated cells failed to develop tubules regardless of cell density plated (Fig. 4B,C) . To validate the abilities of GSCs to differentiate into mural cells and develop vasculature, we measured the expressions of these vascular markers in GSDCs from the second patient with glioblastoma. Analogous to the findings earlier, GSDCs from the second patient expressed SMa and Flk-1, but not CD31, Tie 1, and Tie 2 (Fig. 4D) , and formed tubules in a cell number-dependent fashion, which underscores the plasticity of GSDCs able to form de novo vasculature. These data suggest that transdifferentiation of GSCs into mural-like GSDCs promotes vasculature formation.
We were also interested in the possible role played by the hierarchy of GSCs in the development of VM. Therefore, GSCs were sorted to select CD133-expressing cells. As seen by FACS analysis, neither the CD133 high nor the CD133 low cell populations formed tubules (Fig. 5 A, B) . These CD133 low neurospheres did not show the ability to self-renew as they were senescent by 1-2 weeks. However, once sorted CD133 low cells were immediately transferred to serum/DMEM-supplemented plates to drive transdifferentiation, they acquired the vascularized capability (tube formation) and proliferation similar to CD133
high -differentiated cells (data not shown). The results suggest that this vasculogenic property is dependent on GSC differentiation but not CD133 ϩ or CD133 Ϫ -GSC population. To determine whether GSCs display the ability to transdifferentiation into vascular endothelial cells, we grew both GSCs and sorted CD133 high GSCs in the endothelial cell culture medium (Ricci-Vitiani et al., 2010) . After 2 week culture, these differentiated cells were measured for CD31, VE-cad, and SMa expression. Immunoblotting data revealed undetectable levels of CD31 and VE-cadherin, and low levels of SMa in GSC and CD133 high GSC differentiated cells (Fig. 5C ), consistent with FACS analysis on CD31 expressed by a small population (Ͻ1.5%) (data not shown). All the data support our hypothesis that the majority of GSCs transdifferentiates into Figure 2 . Tumor vessels consist of mural-like cells that coexpress SMa, PDGFR␤, Flk-1, and EGFR. Glioblastoma samples were subjected to coimmunofluorescent staining of SMa with CD31 (A, B), and these vessels were quantified. The total of fluorescent vessels was set as 100%. n ϭ 7. Error bars indicate SEM (C). Tumor samples were also used for coimmunofluorescent staining of PDGFR␤ with CD31 (D, E). The thick arrows indicate SMa-or PDGFR␤-positive vessels only, the thin arrows show CD31-positive vessels with a few SMa-or PDGFR␤-positive cells, and the arrowheads depict a mosaic model containing most of SMa-or PDGFR␤-positive cells with a few CD31-positive cells. B and E showed higher magnified images. Tumor samples were used for IHC of Flk-1 (F ) and coimmunofluorescent staining of Flk-1 and SMa (G). The thin arrows indicate SMa-positive vessels, and the thick arrows depict coexpression of SMa and Flk-1 in which an inset shows a larger image. The stars show Flk-1-positive vessels only. Some of GBM samples were used to stain EGFR expression in nuclei via a fluorescent in situ hybridization EGFR probe (red). EGFR gene expression as multiple red signals was located in tumor nuclei (H ), and its higher amplification was found in vessel-associated tumor cells (I ). An arrow indicates a vessel. Images of detecting chromosome 7 copy number using a fluorescein-labeled PNA probe were not shown. Scale bars, 100 m. mural-like tumor cells, whereas a small population undergoes endothelial cell transdifferentiation that mediates angiogenesis.
Expression of Flk-1 is essential in GSC transdifferentiation and vascular formation
Flk-1 is appreciated to mediate differentiation of embryonic stem cells into cardiac and vascular tissues including endothelial cells and mural cells (Yamashita et al., 2000; Yang et al., 2008; Taura et al., 2009) . To test the hypothesis that Flk-1 is required for mural cell transdifferentiation of GSCs, we used a Flk-1 kinase inhibitor (E)-3-(3,5-diisopropyl-4-hydroxyphenyl)-2-[(3-phenyl-n-propyl) amino-carbonyl]acrylonitrile (SU1498). Treatment with SU1498 inhibited the ability of GSDCs to induce capillary-like structure by ϳ80% relative to controls (Fig. 6 A) . SU1498 also suppressed SMa expression. Furthermore, we treated GSCs with SU1498 before the introduction of serum-containing medium (Fig. 6 B) , and we found that transdifferentiation was decreased beginning as early as day 1. These cells lost their ability to transdifferentiate and grow beyond day 3, and were senescent by day 7. In contrast, both control and DMSO-treated cells underwent differentiation and proliferation throughout the 7 d culture period. These data suggest that elevated expression of Flk-1 by GSCs is required for their transdifferentiation and inhibiting Flk-1 effectively prevents this event in vitro.
To further assess the active role played by Flk-1 in the development of a vascular phenotype of GSDCs, we used an Flk-1 shRNA gene knockdown approach in GSCs from two patients with glioblastoma. After introduction of four individual Flk-1 shRNA genes to GSCs, one of them (shRNA4) reduced expression of Flk-1 and SMa, and tyrosine phosphorylated form of Flk-1 as well during their transdifferentiation into GSDCs (Fig.  6C) . As a result, Flk-1 shRNA profoundly impaired their ability to develop tubules compared with scramble control GSDCs (Fig.  6 D) . The other three shRNAs (shRNA1-3) did not have effects on its expression (data not shown). The data support the notion that Flk-1 mediates mural-like cell transdifferentiation. . GSDCs do not express endothelial cell markers but are able to develop a vascular phenotype. A, Cell lysates of HMVECs, GSDCs, GSCs, and GSC neural-differentiated cells were analyzed by immunoblotting. B, HMVECs, GSDCs, GSCs, and GSC neural-differentiated cells were assayed for tube formation as imaged in phase contrast, and then costained with antibodies specific for SMa, neural lineage markers, and Flk-1. The yellow images depict overlap of the staining. Scale bar, 50 m. C, Different numbers of GSCs and GSDCs as indicated were selected for tube formation. n ϭ 3. *p Ͻ 0.05 compared with tubules formed by 10,000 GSDCs. D, GSDCs derived from a different patient were measured for Flk-1, SMa, CD31, Tie 1, and Tie 2 expression. Breast cancer cells MDA-MB-231 were used for a negative control. E, These GSDCs from the second patient were tested for tube formation, showing higher potential of vascular capability than the cells derived from the first patient (C). Error bars indicate SEM.
Tumors developed from GSCs demonstrate extensive tumor cell-associated vascular channels that are dependent on Flk-1 To determine whether GSCs undergo mural cell differentiation to form tumor vasculature, a process dependent on Flk-1 in vivo, we injected SCID/Beige mice with GSCs expressing control vector carrying either GFP and scramble RNA or Flk-1 shRNA by intracranial transplantation. Mouse survival data indicated that five control GSC-transplanted animals rapidly died from week 6 to week 12 (Fig. 7A) . In contrast, only two of five mice receiving Flk-1 shRNA GSCs died between weeks 8 and 10. The remaining three mice lived Ͼ13 weeks, displaying a trend of longer survival relative to corresponding control mice. Postmortem examination showed that control tumors on the striatum were approximately twofold larger than Flk-1 shRNA tumors (Fig. 7Ba,b) . Autoimmunofluorescence studies on control tumor samples showed that scattered GFP-positive tumor cells constituted a porous vascular structure into which blood flow labeled with Evan's Blue dye perfused (Fig. 7Bc,d ). But these tumor cell-associated vasculatures in Flk-1 shRNA tumors were barely detectable.
To evaluate whether these vessel cells are mural-like cells derived from GSCs, we used IHC and immunofluorescence approaches. Extensive blood vessels demonstrated strong staining of SMa in control tumors that contained Ͼ1.5-fold SMa-positive vessels than those in Flk-1 shRNA tumors (Fig. 7C,D) . Likewise, PDGFR␤ expression exhibited the same pattern as SMa (Fig.  7C,D) . To test the possibility that GSCs may also differentiate into endothelial cells that integrate with preexisting host endothelial cells to participate in angiogenesis, we used anti-CD31 antibodies that individually recognize either mouse or human endothelial cells. None of hCD31-positive vasculature was observed in specimens from either control or Flk-1 shRNA tumors (Fig. 7C) , consistent with earlier in vitro results (Fig. 5 ). In contrast, these tumors contained the same extent of endothelial cell vessels stemmed from mouse vasculature (Fig. 7C,D) , implicating that tumor angiogenesis is ascribed to host vessels that may respond to angiogenic factors released from xenografted tumors. Moreover, immunofluorescence analysis unveiled the origin of these differentiated tumor cell-associated vasculatures, as coexpression of GFP and SMa was identified in the vessels of control tumors, while the costaining was minimal in Flk-1 shRNA samples (Fig. 7Ea,b) . But these vessels were distinct from host endothelial cell vessels as demonstrated by separate staining of mCD31 and GFP in the same samples (Fig. 7Ec,d ). As noted in the tumor region with a high density of cells, a relatively limited cell population was GFP positive (Fig. 7Bc,d, Ea-d) . This phenomenon may be attributed to several possibilities such as dampened GFP fluorescence during tissue sectioning, loss of GFP expression in trans/differentiation in vivo, and/or other tumor-infiltrating leukocytes from the host that were deficient of GFP. To further determine whether the Flk-1 gene knockdown suppresses the formation of mural cell-associated vascular channels and/or endothelial cell vessels, we used coimmunofluorescent staining of Flk-1 with either SMa or mCD31. Control tumors showed stronger costaining of Flk-1 with SMa by vascular channels, compared with Flk-1 shRNA tumors that harbored shorter vessels coexpressing weaker Flk-1 and SMa (Fig. 7Ee,f ) . However, dual staining of Flk-1 with mCD31 did not show a significant difference between control and Flk-1 shRNA tumor vessels, suggesting that Flk-1 gene silencing in mural-like tumor cells inhibits mural cellmediated VM, but not endothelial cell angiogenesis. In sum, all the data demonstrate that mural-like cell transdifferentiation of GSCs mainly participates in tumor cell-associated vascularization, the process dependent on Flk-1, whereas host endothelial cells play a role in tumor angiogenesis.
Discussion
Recently, several groups have reported that GSCs display the ability to undergo endothelial cell differentiation that participates in tumor angiogenesis (Ricci-Vitiani et al., 2010; Wang et al., 2010) . For example, the CD133 ϩ /CD144 ϩ population derived from GSCs can differentiate into endothelial cells in endothelial cell medium . This stem cell population transplanted to animals developed vascular endothelium in tumors. Likewise, another group found that CD31 ϩ -sorted GSCs are capable of differentiation into endothelial cells that contribute to tumor angiogenesis (Ricci-Vitiani et al., 2010). Concurrent with high and CD133 low GSCs fail to induce tubules in Matrigel, and both GSC and CD133 high population do not acquire expression of endothelial cell markers in endothelial cell culture medium. A, GSCs were sorted for subpopulation of CD133 high and CD133 low cells using a magnetic cell separation system as described in Materials and Methods. B, CD133 high and CD133 low cells (2 ϫ 10 4 ) were used for tube formation assay, but none of these two subtypes developed tubules. Tubules formed by GSDCs represented a positive control. C, GSC and CD133 high population were grown in endothelial cell medium for 2 weeks, and then cell lysates were measured for expression of CD31, VE-cad, and SMa via immunoblotting. n ϭ 3.
these reports, we also found that a small population of GSCs is able to transdifferentiate into endothelial cells in an endothelial cell milieu. To extend these findings, we identified that murallike cell transdifferentiation of GSCs represents an alternatively vascularized mechanism that mediates tumor cell-associated VM in glioblastomas.
We have adopted a multidisciplinary approach by genetic, pathological, and pharmacological means to characterize GSCderived vascularization. We interestingly found that GSCs primarily undergo mural-like tumor cell transdifferentiation. We have provided substantial evidence to support this finding. First, GSC-transplanted into animals gave rise to a vascularized phenotype that is noticeably composed of mural-like tumor cells, whereas GSC-derived endothelial cells contribute to a small component of vessels. Second, concordant with these in vivo data, a condition for endothelial cell transdifferentiation of GSCs and CD133
high GSCs in culture, also yielded a population Ͻ1.5% that expresses CD31. Third, IHC and immunofluorescence analysis in glioblastomas indicated that extensive microvasculature expressed strong SMa, PDGFR␤, and EGFR without CD31 or VEcad expression, and these channels coexisted with CD31-or CD34-positive vessels. Finally, a small fraction of endothelial cell transdifferentiation was similarly identified in the differentiation of normal NSCs. For instance, only 1.6% endothelial cells were differentiated from NSCs in 16 d embryonic mice (Wurmser et al., 2004) . Thus, in context with all these findings, our study Figure 6 . Flk-1 mediates transdifferentiation of GSCs into GSDCs and vascular development. A, GSCs or GSDCs were cultured on Matrigel in the presence of SU1498 (12.5 M). Tubules were imaged and quantified. n ϭ 3. *p Ͻ 0.05 compared with GSDCs or GSDCs treated with DMSO. Cell lysates were used for immunoblotting against SMa. B, GSCs were grown in 10% FBS DMEM in the presence of SU1498 (12.5 M) for 7 d. Cell phenotypes were imaged on days 1, 3, and 7. Scale bar, 50 m. n ϭ 3. C, Flk-1 shRNA or scramble RNA in a GFP vector was engineered into GSCs, and then GSCs were transdifferentiated into GSDCs. Some of cell lysates were collected for immunoblotting and some of GSDCs were immunoprecipitated with a monoclonal anti-phosphorylated tyrosine antibody (pY20) followed by immunoblotting against Flk-1. Normal IgG was used as a control. Some of GSDC lysates used for coimmunoprecipitation were also measured for total Flk-1 by immunoblotting. D, Flk-1 scramble control or shRNA cells were used for tube formation assay. *p Ͻ 0.05 compared with controls. n ϭ 4. Error bars indicate SEM. GSCs develop VM in a tumor model, the process dependent on Flk-1. A, GSCs coexpressing scramble RNA or Flk-1 shRNA with GFP were transplanted into mice via intracranial injection, and mouse survival was observed over 13 weeks. n ϭ 5. B, Twenty minutes before being killed, the mice from both groups were intravenously injected with Evan's Blue dye. Removed brains were processed in coronal sections, and a fragment of the samples was embedded in paraffin for H&E staining. Tumors were measured for the distance above the striatum in both scramble control and Flk-1 shRNA groups (1.84 Ϯ 0.22 vs 0.94 Ϯ 0.19 mm; mean Ϯ SE; n ϭ 5; p Ͻ 0.05) (a, b) . The insets show a magnified field containing tumor cells and vessels. Scale bar, 1.0 mm. Frozen tumor sections from these two groups were evaluated for autofluorescence of GFP (green) and Evan's Blue dye (red). In the control tumors, circulatory vasculature filled with Evan's Blue dye was surrounded by scattered GSCs expressing GFP (c, arrowheads), while weaker Evan's Blue dye was observed in the Flk-1 shRNA tumors (d). Scale bar, 100 m. C, Tumor samples were subjected to IHC analysis of SMa, PDGFR␤, mCD31, and hCD31. The arrowheads show blood cells in the vessels, and an inset represents a larger image. D, Above vessel density of SMa, PDGFR␤, and mCD31 was individually quantified compared with corresponding control vessels that were set up with one unit. n ϭ 5. *p Ͻ 0.05 compared with its corresponding controls. Error bars indicate SEM. E, Dual fluorescence of GFP (green autofluorescence) with either SMa (a, b) or mCD31 (c, d) (red immunofluorescence), and dual immunofluorescence of Flk-1 (green) with either SMa (e, f ) or mCD31 (g, h) (red) were analyzed. The arrows indicate mural-like tumor cell-associated vessels coexpressing SMa and GFP (a), GFP only (c), or SMa and Flk-1 (e). The arrowheads depict mouse endothelial cell vessels (c, d,  g, h) . The insets show larger images. Scale bars, 100 m.
demonstrates that GSCs mainly differentiate into mural-like tumor cells to promote VM in glioblastomas. This transdifferentiation of GSCs into mural-like tumor cells highlights the plasticity of GSCs characteristic of both neural tumor cells and vascular wall cells. In addition, this plasticity of GSCs recapitulates the multipotency of NSCs capable of differentiation into several cell lineages distinct from neural cells such as blood cells (Bjornson et al., 1999) , muscle cells (Galli et al., 2000) , and vascular endothelial cells (Wurmser et al., 2004) . A model proposed for GSC differentiation is illustrated in Figure 8 .
A wealth of research has demonstrated that the presence of a small population of GSCs is closely associated with resistance to radiotherapy and anti-angiogenic therapy (Kioi et al., 2010) . However, clinical regimen using an anti-VEGF therapy alone failed to significantly ameliorate patient overall survival (Verhoeff et al., 2009) . It is thus logical to speculate that, as part of its ability to survive in the presence of anti-angiogenic agents and reemerge from dormant primary tumors, GSCs may undergo an alternative vascularization that develops mural-like cellassociated networks and nourishes the bulk of growing tumor cells. Indeed, there is considerable evidence documented to support this hypothesis (Folkins et al., 2009; El Hallani et al., 2010) . Interestingly, we found that this vasculature property is independent of CD133 expression in GSCs. But this is not completely unexpected because there is a large body of evidence showing that the population of CD133 ϩ and CD133 Ϫ GSCs equally contribute to glioblastoma malignancy (Phillips et al., 2006; Chen et al., 2010; Prestegarden et al., 2010) . Thus, the hierarchy of CD133-expressing population is not directly associated with VM unless they undergo differentiation into mural-like tumor cells.
Recently, growing evidence has shown that VM plays a vital role in the vascularization of multiple solid tumors including glioblastomas (Folberg and Maniotis, 2004; Chen et al., 2012) . Transdifferentiation of GSCs into smooth muscle-like cells has been implicated in vasculature formation of glioblastomas (El Hallani et al., 2010; Ping and Bian, 2011) . However, to date, substantial cellular and molecular mechanisms underlying this pathogenesis of VM in glioblastomas are largely elusive. We have identified that Flk-1 acquired by differentiated GSCs is at least one of the most important factors that govern the process of VM and tumor development, which is consistent with the observation using tumor cell lines in vitro in Flk-1-mediated VM independent of VEGF (Francescone et al., 2012) . The current finding of Flk-1 in GSC transdifferentiation is also in line with previous data that Flk-1 has a key role in the transdifferentiation of embryonic stem cells into vascular cells (Yamashita et al., 2000; Yang et al., 2008; Taura et al., 2009) . Indeed, there is a clinical trial reporting a promising response to an Flk-1 kinase inhibitor AZD2171 (4-[(4-fluoro-2-methyl-1H-indol-5-yl)oxy]-6-methoxy-7-[3-(pyrrolidin-1-yl)propoxy]quinazoline) in the reduction of tumor vasculature and edema during glioblastoma therapy (Batchelor et al., 2007; Kamoun et al., 2009 ). Thus, Flk-1 expressed by murallike tumor cells may serve as a new target for glioblastoma therapy. A recent interesting report found that endothelial cell vessel density in VM-positive tumors was lower than that in VM-negative tumors (Liu et al., 2011) , suggesting an important component of VM in vascularization in which endothelial cell angiogenesis is minimal. Therefore, a combined antivascular therapy aiming at both murallike tumor cells and endothelial cells, in addition to cytotoxic drugs targeting tumor cells, may hold promise for treatment of this devastating disease.
